To understand the source of thermal stability of LiBOB-based electrolyte in lithium-ion cells as well as its unique ability to stabilize graphitic anodes even in the strongly exfoliating solvent propylene carbonate ͑PC͒, the solid electrolyte interface on graphite formed by LiBOB-based electrolyte was investigated by X-ray photoelectron spectroscopy. Preliminary results show that, due to the BOB anion presence, the content of semicarbonate-like components in the graphite/electrolyte interface increases significantly, as indicated by the conspicuous peak located at 289 eV. These components, believed to originate from the oxalato moiety of the anion, are mainly responsible for the protection of graphitic anodes, either at elevated temperatures or in the presence of PC. The concept of Li-ion technology is based on the replacement of metallic lithium by carbonaceous anodes, which upon charging, store Li-ions between the graphene interstitials and electrons in the conjugated orbitals of the sp 2 -hybridized carbons. 1 Among the numerous forms of carbonaceous materials, graphite is the most energetically favored, because the intercalation potential of Li ion into it is only ca. 0.2 V higher than that of Li metal, thus the concomitant penalty in energy density may be kept at a minimum. Nowadays, almost all commercial Li-ion batteries use graphitic carbon as anode material. However, the use of graphite greatly restricts the choice of electrolyte solvents, because the highly ordered structure of graphite is sensitive to cointercalation by most organic solvents, 3,4 the result of which is the disintegration of graphene planes, known as ''exfoliation,'' and the sustained decomposition of electrolyte components.
The concept of Li-ion technology is based on the replacement of metallic lithium by carbonaceous anodes, which upon charging, store Li-ions between the graphene interstitials and electrons in the conjugated orbitals of the sp 2 -hybridized carbons. 1 Among the numerous forms of carbonaceous materials, graphite is the most energetically favored, because the intercalation potential of Li ion into it is only ca. 0.2 V higher than that of Li metal, thus the concomitant penalty in energy density may be kept at a minimum. Nowadays, almost all commercial Li-ion batteries use graphitic carbon as anode material. 2 However, the use of graphite greatly restricts the choice of electrolyte solvents, because the highly ordered structure of graphite is sensitive to cointercalation by most organic solvents, 3, 4 the result of which is the disintegration of graphene planes, known as ''exfoliation,'' and the sustained decomposition of electrolyte components.
The key to avoid exfoliation and to enable Li ion chemistry to function is the formation of a solid electrolyte interface ͑SEI͒ between the sensitive graphite and the bulk electrolyte solution. 5 Believed to consist mainly of the decomposition products from electrolyte components, SEI acts as a protective film that is permselective to Li ion transport but prevents electrolyte solvents from cointercalating into the graphene structure and being reduced therein. During the past 15 years, the research and development of Li-ion electrolyte essentially has been revolving around this center of SEI, and ethylene carbonate ͑EC͒ was generally accepted as the indispensable component of Li ion electrolyte, because of its role in forming the effective SEI, [6] [7] [8] although its high melting point does cast a negative impact on the low-temperature performance of the Li ion cell.
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Recently we initiated the electrochemical characterization of a salt, lithium bis͑oxalato͒borate ͑LiBOB͒, which was patented by a German chemical company 11 but independently developed and reported by Xu and Angell. 12 We evaluated the possibility of replacing with it the state-of-the-art electrolyte solute lithium hexafluorophosphate (LiPF 6 ) in Li-ion cells. Following the discovery that electrolytes based on LiBOB can enable a Li-ion cell to function at elevated temperatures up to 70°C, 13 we encountered a serendipitous observation that LiBOB effectively can stabilize graphitic structure even in neat propylene carbonate ͑PC͒, 14 a strong exfoliating solvent for graphite. This unique property of LiBOB has never been observed for other salt species, and it strongly suggests an active participation of BOB anion in the formation of an SEI that is of a very different chemical nature. To understand the effect of LiBOB-based electrolytes on the surface chemistry of graphite materials, we employed X-ray photoelectron spectroscopy ͑XPS͒ to conduct the chemical analysis of the SEI formed on the graphite surface under various conditions. This short communication summarizes the preliminary results obtained on the graphite anodes well-cycled in LiBOB-and LiPF 6 -based electrolytes, respectively.
Experimental
LiBOB was synthesized in our lab through an aqueous approach as described in patent disclosure. 11 Repeated recrystallization in appropriate solvents yields this salt of high purity ͑Ͼ99% by 11 B-NMR and Ͼ99.5% by Li-content determination with atomic absorption spectroscopy͒. Lithium hexafluorophosphate (LiPF 6 , Ͼ99.99%, Stella Chemifa Corp.͒ was used without further purification. All solvents were from EM Sciences ͑Ͼ99.99%͒ and dried over neutral alumina until moisture level ͑as determined by Karl-Fischer titration͒ was below 10 ppm. The solutions of 1.0 molality ͑m͒ Li salts in various solvents were prepared in a Vacuum Atmospheres glove box with oxygen and moisture level below 10 and 5 ppm, respectively. Cathode ͑lithiated nickel-based mixed oxide͒ and anode composites were provided gratis by SAFT. The electrode sheets were cut into disks of 0.97 cm 2 ͑cathode͒ and 1.27 cm 2 ͑anode͒, respectively. Size 2335 button cells served as testing vehicle for half or full cells of galvanostatic cycling. They were sealed by a Rayovac multipress in a dry room with dew point of ca. Ϫ60 to Ϫ70°C, and the cycling test was conducted on a Maccor battery tester series 4000.
Graphite anode samples coated on Cu substrate were assembled into Li/graphite half-cells and subjected to galvanostatic charge/ discharge between 1.5 and 0.01 V vs. Li for 20 cycles. Those cells were then opened in a glove box at fully lithiated state ͓open-circuit voltage (OCV) ϭ 0.01 V], while the graphite anodes were taken out and washed twice with the solvent mixture ␥-butyrolactone ͑␥BL͒/dimethyl carbonate ͑DMC͒, and then twice with neat DMC. The anode samples thus cleansed were dried under vacuum overnight ͑Ͻ0.01 Torr at room temperature͒. A vacuum sample transporter was used to load the dried samples into the XPS sample chamber from glove box atmosphere. Surface analysis was then conducted on those electrodes with a PHI 5800 XPS system, where Mg K␣ excitation source was used. The resolution of the measurement generally falls within 0.3 eV, and the elemental carbon peak at 284.3 eV was used as the internal reference to calibrate the energy position.
Results and Discussion
The lithiation of graphite occurs at ca. 0.20 V ͑all potentials are referred to that of Li ϩ /Li) in the state-of-the-art Li ion electrolyte ͑1.0 m LiPF 6 in EC/EMC at 1:1 ratio͒. For Li/graphite half-cells operating with this electrolyte, the typical voltage profile of the first cycle is shown in Fig. 1a . The difference between charge and discharge capacity ͑as indicated by the Coulombic efficiency͒ reflects the amount of the electrolyte consumed to form SEI, which occurs at the potentials well above that of Li ion intercalation ͑ϳ0.8 V͒. It was generally believed that the reductive decomposition of EC is responsible for the process, [6] [7] [8] and analytical means including Fourier transform infrared spectroscopy ͑FTIR͒ and XPS have identified lithium semicarbonate I as the key component of the SEI formed, 14, 15 which was generated by a one-electron reduction process. A possible stepwise mechanism leading to this semicarbonate is proposed as follows
Scheme 1.
The above mechanism is justified by the stabilization of the intermediate radical anion due to the conjugation from the neighboring carbonyl and the driving force from the release of a neutral species ethylene.
When the solvent was changed from EC to a structurally similar PC, the reduction process still occurred at similar voltage ͑ϳ0.80 V͒; however, the assumed product semicarbonate II failed to prevent further solvent cointercalation and reduction. 4, 16 Cell voltage remained at 0.80 V, the decomposition potential of PC, while the electrolyte was incessantly consumed, graphite structure broke up, and Li ion intercalation never occurred, as shown by the corresponding plot in Fig. 1a .
Scheme 2.
This exfoliating behavior of PC-based electrolytes is independent of salt species, with the only exception of LiBOB. 14 In comparison Fig. 1a shows a typical first cycle voltage profile of a Li/graphite half-cell with 1.0 m LiBOB in PC, which is virtually the same with those obtained in the state-of-the-art EC-based electrolytes, in terms of both capacity accessibility and Li ion intercalation potentials. Despite the strong exfoliating ability of PC toward graphite, the formation of stage I lithium graphite intercalation compound ͑GIC͒ at 0.20 V is realized in the presence of LiBOB, and the graphite anode maintains excellent reversibility of lithiation/delithiation in the following cycles, as indicated in Fig. 1b by the stable performance of a full Li-ion cell containing the same electrolyte. Obviously the salt anion BOB in someway must have participated in the formation process of SEI and resulted in an SEI of very different chemical nature.
In retrospect, the high-temperature inertness of LiBOB-based electrolyte in Li-ion cells also points to the existence of a more stable SEI originated from LiBOB, because it has been reported that the failure mechanism of state-of-the-art Li-ion cells at those elevated temperatures was at least partially caused by the thermal disruption of the SEI formed by the electrolyte, 15b in addition to the bulk electrolyte decomposition triggered by the instability of P-F bond in LiPF 6 . 17 Further tests of PC-rich electrolytes based on Li-BOB were conducted in a full Li-ion cell at elevated temperature and strengthened the above speculation; such an example is also shown in Fig. 1b .
To obtain direct evidence of BOB participation in SEI formation and knowledge about the chemical nature of this new SEI, we used XPS to analyze the well-cycled graphite anode in both LiBOB-and LiPF 6 -based electrolytes, respectively. For convenience of comparison, the common solvent mixture for both electrolytes was chosen to be EC/EMC ͑1:1 by weight͒ instead of PC, so that the LiPF 6 -based cell can be cycled, and generate an anode surface comparable to that of LiBOB-based cell.
Like all ex situ experiments, those graphite anodes must be washed prior to the analysis to remove the residual electrolyte solutions absorbed therein, so that authentic information about SEI instead of remnant salt and high boiling solvent may be obtained from the tests. In such experiments DMC has been the popular choice as the cleansing agent, mainly because of its high volatility ͑therefore easy removal after cleansing͒ along with fair solubility toward both LiPF 6 and EC. 18 However, LiBOB, unlike LiPF 6 , has very limited solubility in solvents of low dielectric constant, and DMC actually precipitates LiBOB from electrolyte solutions. Thus cleansing with DMC in this case would result in serious interference from LiBOB deposited on graphite surfaces.
To solve this problem, we used a mixture of ␥BL/DMC ͑1:1 by weight͒ as cleansing agent to remove the absorbed electrolyte components, knowing that ␥BL is an excellent solvent for both LiPF 6 and LiBOB salt and also miscible well with EC. After cleansing twice, neat DMC was then used twice to rinse out the residual ␥BL. The following overnight vacuum drying yielded samples ready for XPS analysis. To check the validity of this cleansing procedure, we conducted a blank test, in which an anode sample that was immersed in the electrolytes but subjected to no galvanostatic cycling was cleansed and dried according to the procedure. XPS analysis was then conducted on this ''soaked/cleansed'' sample and a pristine anode sample. Essentially identical results were obtained for both samples in this blank test. It is thus confirmed that the above cleansing procedure is able to remove thoroughly any remnant electrolyte components, and the information thus obtained in a cycled graphite anode sample should reveal the authentic chemical composition of SEI without interference from the remnant liquid electrolyte. Considering the much stronger solvation power of ␥BL as compared with DMC, the resultant chemical species of SEI including lithium semicarbonate should be at least partially soluble in the cleansing solvents. Therefore, the SEI composition as revealed by XPS experiments in this paper would be one that survived the ''severe'' cleansing.
Two graphite anode samples that had been cycled in LiPF 6 /EC/EMC and LiBOB/EC/EMC, respectively, and cleansed according to the above procedure were subjected to XPS analysis at their fully lithiated state. Figure 2 compares the 1s signals of the major chemical species identified on the surface of those graphite samples during the general survey in the range of 0-600 eV. As the figure shows, the most notable difference between the SEI formed in LiPF 6 -and LiBOB-based electrolytes is the presence of B and absence of F in the latter ͑except the trace amount of F introduced by the binder polymer͒. The presence of P is also found in the SEI formed in LiPF 6 -electrolyte as indicated by P 2s and P 2p signals ͑P is not shown in Fig. 2 because P 1s signals are usually too weak to detect͒, confirming that in either electrolyte, the salt anions participated in the formation of SEI and their fragments remained therein; however, their effect on the function of the resultant SEI differs due to their structural differences.
The most interesting information about BOB effect on SEI formation was revealed in the C 1s spectrum of the anode samples, as shown in Fig. 3 where the surface chemistry between BOB-and PF 6 -originated SEI was compared. For SEI that was formed in LiPF 6 /EC/EMC, three types of carbon compounds can be identified on the anode surface ͑Fig. 3a͒, i.e., those with binding energy ͑1͒ at 284.74 eV, assigned to be elemental carbon ͑as from bulk graphite͒ or hydrocarbon; ͑2͒ at 286.50 eV, assigned to be carbon with ether linkage ͑as from polymeric decomposition products͒; and ͑3͒ at 289.37 eV, assigned to be carbonyl moieties ͑semicarbonate͒. 15, 18, 19 While the semicarbonate ͑third peak͒ was considered as the essential ingredient in SEI that functions as protection, 15, 16, 18 its relative Electrochemical and Solid-State Letters, 6 ͑7͒ A144-A148 ͑2003͒ A145 abundance is the smallest among the three, as represented by a small shoulder. The overwhelming majority in the surface is compounds composed of hydrocarbon without oxygen-linkage ͑first peak͒.
Compounds containing polyether-type carbon ͑second peak͒ come second in abundance, which are apparently formed by the polymerization of radical species from carbonates after losing CO 2 . This result is in good agreement with previous reports on the chemical composition of SEI formed by LiPF 6 /EC-based electrolytes. 15, 19 When the electrolyte salt was LiBOB, the same three chemical components were identified on the surface, but the change in the relative abundance of these components resulted in a much different SEI image, as Fig. 3b demonstrates. Due to the significant increase in the compounds containing carbonyl moieties ͑semicarbonate-like͒, the C 1s spectrum of LiBOB-originated SEI consists of twin peaks ͑first and third͒ of comparable abundance, with the second peak corresponding to a polyether-like carbon shrouded under the first peak. The participation of BOB anion in the formation of SEI resulted in an SEI of a very distinct chemical nature, where the content of semicarbonate-like compounds increased significantly and most probably became the majority of the chemical species in SEI.
With the help of software PHI Multipack 6.1A from Physical Electronics, we deconvoluted the C 1s spectra in Fig. 3a and b to determine the quantitative contribution from each component to total abundance, and the results are tabulated in Table I , along with the Electrochemical and Solid-State Letters, 6 ͑7͒ A144-A148 ͑2003͒ A146 chemical assignments for each component. In previous reports of XPS analysis on SEI, this high abundance ͑37.30% of total carbon signal͒ of semicarbonate-like species in SEI has never been observed for state-of-the-art electrolytes based on LiPF 6 . 15, 19 Therefore, we strongly believe that these species as represented by the third peak in Fig. 3b originate from the decomposition of BOB anion, in view of its carbonyl-rich structure. Although the third peaks in Fig. 3a and b are located at the same binding energy, they may represent carbonyl-containing compounds of very different structures. Because B was shown to be present in the LiBOBoriginated SEI ͑Fig. 2͒, we propose a single electron-induced, multistep decomposition mechanism for BOB anion that occurs on graphite anode surfaces, which may generate a series of semicarbonate-like species that may contain B ͑V-VI͒
Scheme 3.
Very likely, these carbonyl-rich species constitute an SEI that is resistant to solvent dissolution and cointercalation. In addition, other species may also be present in the SEI. These may include inorganic salts (Li 2 C 2 O 4 , LiBO 2 , and Li 2 CO 3 ) and polymeric moieties ͑poly-ether, polyalkane, and polycarbonate͒, considering the participation of solvent molecules EC and EMC.
Multiple electron mechanisms are also probable, and the end products include a wide variety of compounds that contain a rich content of carbonyls, most likely in the form of semicarbonates. Polymerization initiated by these anion radical species is also possible, presenting the possibility of oligomeric borate with rich carbonyl moieties ͑VII͒
Scheme 4.
To further determine the chemical composition of the new SEI more accurately, other analytical means are needed.
Having known that semicarbonate acts as the key chemical species in the SEI of state-of-the-art Li-ion cells, 15, 16, 18 we believe that this new SEI composition with higher content of semicarbonate-like compound provides a much stronger protection against both solvent cointercalation as well as chemical erosion at elevated temperatures. It is because of this drastic change in the chemical composition of SEI that the Li-ion cells based on LiBOB electrolytes are conferred with such unique properties that we have observed: ͑i͒ the ability to perform in Li-ion cell at elevated temperatures up to 70°C; 13 and ͑ii͒ the ability to stabilize graphitic structure even in strong exfoliating solvents such as PC.
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Conclusion
XPS analysis of graphite anodes that have been cycled in LiPF 6 -and LiBOB electrolytes reveals that, due to the presence of BOB anion, the content of semicarbonate-like compounds significantly increases in SEI. We believe that those semicarbonate-like compounds may dominate the chemical composition of the new SEI, and render the graphite stronger protection from solvent cointercalation and high-temperature stability. 
